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SUMMARY 



An improved type of all— rxiovribl e tail surface has "been 
developed and tested in flight. The surface is pivoted 
"behind the quar t er— chord point and is provided v/ith a plain 
flap that deflects in the same direction as the ma.in air- 
foil. This ^..rrangement provides control— free stability and 
a stable variation of the control forces during maneuvers. 
Plight tests made with the Pairchild XR2K-1 airplane shov/ed 
a vertical tail surface of this type to be satisfactory in 
all the maneuvers attempted, including those that involve 
complete stalling of the surface. Tlie all— movable tail was 
found to be more effective than the conventional type and 
offers the possibility of a reduction in the size and the 
drag of tail surfaces. 

lilTRODUCTIOl? 



Control surfaces that :iave proved successful on earlier 
designs frequently cannot be adapted efficiently to modern 
airplanes on account of the high degree of contr ol— f or ce 
balance required. Attempts to provide the necessary balance 
by increasing the nose overhang and the balancing—tab ratio 
have brought about mar Iced reductions in the effectiveness 
and consequent increases in the size and the drag of the 
surfaces. At present it is often found necessary to use an 
area equal to 33 vorce-p^t of the iving area for the horizon- 
tal and vertical surfaces. The drag of these surfaces is 
an even greater percentage of the vring drag. 

An all— movable tail surface of the type used on gliders 
and sailplanes permits a close degree of balance without 
sacrifice of effectiveness and v/ith smaller drag than the 
conventional stabili zer—elevat or combination. The objec- 
tion to the use of such a simple control on airplanes has 
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"been that the surface, if s'ta'ble a"bout it? own pivot, 
tends to trail into the v/ind and hence provides no stalDi- 
lizinjg action for the airplane Kith the control free, 
with the control fixed, the trailing tendency leads to 
an Linstaole variation of control force v;ith the attitude 
of the airplane. 

These defects cr.n iDe overcome "by the arran^^ement 
shov/n in figure 1. Here the siirface is pivoted ahout a 
point hehi-iid its aor cdynair.ic center and is equippe-1- with 
a plain flap which deflects in the same direction as the 
main surface. Such an arr an,;-;em ent corresponds to the 
"leading ta'b" that has heen used on the movable part of 
the conventional s t a*b il i z or— ol evat or comhinat i on . (See 
reference 1 . ) 

On the all— movahlo surfaces, the narrow flap in- 
creases the lilt and provides the restoring mcrnent neces- 
sary to Gtahilize the main surface ahout its pivot. Trim 
adjustment is secured hy ch.a-iv^ing the initial sotting of 
the flap. Because the position of the pivot is "behind 
the aerodynamic center, the surface tends to float against 
the wind, increasing its angle of attack in constant ratio 
to the change in v/ind angle. Eence, if the airplane 
changes its attitude with respect to the flight path, the 
control surface will turn or tend to turn in a direction 
to restore the airplane to its original attitude, pro- 
viding increased coiit r ol— f r ee stability and stahle control- 
force reactions. (See fig. ''^ . ) 

With the foregoing possihilit ies in mind a more 
through analysis and a program of flight tests are "being 
carried out. The present report covers the elementary 
theory of operation and some preliminary flight tests of 
an all— movahle vertical tail surface on the Pair child 
XR2Z-1 airplane. 

TEE OH Y 

Lift and H inge— Horn ent Characteristics 

The lift coefficient developed per radian deflection 
of the all— movable control may "be denoted hy Gt . (figs. 

1 and 2). Within the linear range this lift may "be con- 
sidered to act at a fixed point determined by the proper- 
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tions and the relative rate of motion of the flap. If the 
distance oetv/een this point and the pivot is denotec. "by 
xi, the hinge— rnouent coefficient of the control due to 

deflection wii]. he 

v/here c is the mean chord of the tail. During changes 
in the direction of the relative wind a, the center of 
pressure of the additive lift is also fixed and coincides 
appr oxi'-uit elv \rith the aerodynamic center of the airfoil. 
The distance of this point from the pivot may he denoted 
hy xa . Then 

Ch,, = ^La^ ~ (approx. ) 



If the pivot is located hetv/een the two centers of pres- 
sure, x^f^ will "be positive and x^ negative. Figures 

3 and 4 shcv: the estimated values of these quantities ob- 
tained from v/ind— tunnel tests of airfoils with plain flaps. 

I'/ith no control force applied, the surface turns 
against the v;ind to the point where 

aC^, iCi, 0 

The lift in this condition will he coCj^^ -i- ^^^i ^^^^ ^^^^ 
he consider ahly larger than the lift v/ith controls fixed. 

Schairer and Bush in an unpublished document from the 
Boeing Aircraft Company h^ive pointed out that friction in 
the control system will introduce a lag in the floating 
action of the rudder which may result in a continuous 
hunting oscillation with the control free. Thus, although 
the tendency of the all— m^ovahle tail to float against the 
wind increases the damping of large oscillations, as an 
oscillation dies out the effect of friction will he magni- 
fied and will continually increase the phase lag as the 
rudder movements hecome smaller. As the rudder movements 
vanish, their phase lag approaches 90^. During the suc- 
cessive stages of tliis process, the yav/ing moment developed 
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"by the out— of— phase component of the rudder jnotions must 
never l)e sufficient to equ^.il the damping nioraent developed 
by the yawing of the airplane. Although the e::act limits 
have not "been established, preliminary calculations sup- 
ported "oy flight tests indicate that in order to insure 
complete damping, it may be necessary to limit the float- 
ing ratio — that is, the ratio of rudder deflection to 
angle of yaw — to l/2:l or lees. 

The values of Gjj^ and Cj^^ may be determined from 

the known properties of airfoils with plain flaps. Thus, 
v;ithin the linear range, 



= C 



1 + 



8/i ^«e^ 
06 / 



0 CG 

v/here is the rate of change of the eouivalent angle 

of attack v/ith flap deflection. S!ie control force required 
to produce a given change in lift is proportional to iCj^. 

Figure 5 shows this criterion compared with values for a 
typical horizontal tail surface obtained from reference 2. 
The numbers identify the individual surfaces as given in 
reference 2. 

The mazimvim lift coefficient obtainable by deflecting 
the control at zero yav; is a measure of the vertical tail 
area required to maintain straight flight after engine 
failure in a twin— engine airplane. Pigure 6 shows the 
estimated variation of ma:^imum lift coefficient for zero 
yaw with linkage ratio compared with the values given in 
reference 5 for a ntimber of conventional tail surfaces. 
The ability to maintain straight flight after engine fail- 
ure is quite important because, if the airplane is per- 
mitted to sideslip, the adverse yawing moment of the fuse- 
lage, ailerons, and propellers v/ill be added to that of 
the asymimetric thrust, (See fig. 7.) It is evident from 
the comparison that the all— movable area necessary to 
satisfy this criterion is of the order of one— half that 
of the conventional tail* Figure 8 shows an all— movable 
surface desi^-ned to maintain zero yaw at 110 percent of 
the minimum speed with less than 180 pounds control force. 
(See reference 4.) 
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If one enj;;ine fails suddenly, a certain aiiiount of yav/ 
will develop "before the pilot has tiane to check the notion 
v/ith the control. The ability to recover str-;ii(^;ht flight 
^ in these circumstances v/ill depend in a large measure on 

c-- the amount of adverse yaw that develops v;hile the control 

V is free. The tendency of the all— movable rudder to set 

itnelf against the yaw th^is provides a definite safety 
factor in the operation of a multiengine airplane. 

The eq^uilibr ium angle of sideslip attained is inverse- 
ly proportional to the slope of the lift curve with the 
control free, other things being equal. Pigure 9 shows 
this quantity for an aspect ratio A of 4 compared with 
values given in reference S for a number of conventional 
tails. Although a large floating ratio is desirable in 
meeting this criterion, it \/as assumed that a value of 
1/2:1 was used in order to avoid the small amplitude hunt- 
ing OS cil?./\t ions previously described. 

St all ing Char act er i s t ics 

In the yav^ed attitude of the airplane (see fig. 2), 
the lift ^C-^ is normally greater than the lift iC^^ 

because of the instability of the fuselage and v/ing. Hence, 
if the disTolacement erceods a certain value, the flow v;ill 
separate on the concave side of the tail surface at a 
relatively lov.r lift coefficient and will cause a lighten- 
ing of the control force necessary to hold the displace- 
ment. This condition corresponds to the fin stalling en- 
countered v/ith the conventional vertical tail s\irface but 
will be delayed to a larger angle of sideslip in the case 
of the all— movable surface, if this surface is large enough 
to provide weathercock stability v;ith controls fixed. The 
condition may be avoided by increasing the size of the sur- 
face or by limiting its deflection or, preferably, by using 
dorsal fins as suggested in reference 5. The pronounced 
effect of narrow strips along the top and bottom of the 
fuselage is shown in figure 10, v/hich is taken from refer- 
ence 6. 

If the control were suddenly released or reversed v/ith 
the airplane in the displaced attitude (see fig. 2), the 
angle of maximum lift might be exceeded momentarily. Stall- 
ing in this condition v^ould occur at a high lift and would 
be expected to result in a momentary, possibly severe, 
buffeting. The duration of the buffeting would be limited 
by the retiirning motion of the airplane. 
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Structural Considerations 

TliG foregoing comparisons show that the area of the 
conventional tail often e::ceeds that needed to satisfy the 
requirements of control and statiility "by an amount ap- 
proximately equal to the fixed area. The fixed portion 
must he consideredj therefore, from the standpoint of its 
structural utility. Cne of the chief argiiments for the 
use of the conventional tail is that the fixed portion 
provides an external structure on v/hich to support the 
movahle portion, 3y using somewhat thicker airfoil sec- 
tions such as are enployed in wing design, however, an 
eauivalent structure can be enclosed within the r.ovahle 
surface (fi^'. 11) and the drag of the external structure 
will he oliminatod. 



FLIGHT T33TS 
Tail Desip-n and Construction 



In order to check the general "behavior of the all- 
movahle surface and to discover possi'ble 1 ira i t at i ons , pre- 
liminary flight tests v/ere made usin^; an ail--movahle tail 
on the Fair child XR2K--1 airplane. Although a reduction in 
area v;as oolieved possible \:ith the all-movahle tail, no 
reduction v/as .made for the preliminary tests. 

The orij^^inal tail is shown in figures 12 and 13, and 
the areas are listed as follows. The fin area is' defined 
by the method of reference 7 as the unshaded part of the 
fixsd area shown in li^^'ure 13. 



Total area, square feet , 13.7 

IT in area, square feet ^- • 1 

Eudder ar ea "( including C.7 sq ft balance area), 

squar efoet. . • ^ 

Aspect ratio , • 3 

The characteristics of the all— movable tail are as 
f ollov7S ; 

Total area, square feet. 13.7 

Tixed area (fuselage extension, fairing), square feet 3.1 
Movable area (including flap area), square feet. . . 11.6 
Flap area ( 19 percent of movable area), square feet . 2 
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Aspect ratio 2.9 

'Taper ratio 1.5:1 

Mean aer oclynanic chord, c, inches 25.5 

^ Airfoil Gection: iTACA lov;— drag, 18 percent thick 

'^i The installation v/as intended to test t]ie principle 

of operation and v/as therefore designed for case of con- 
struction and installation rather than for structural or 
aer odynai: i c efficiency* The result was a s trut—hr aced 
tail of v;ood construction, covered v/ith l/lS—inch plyv/ood 
and iiiountcd on "ball hearings. A line drawing of the tail 
is given in figure 14, and in figure 16 the tail is shown 
installed on the airplane • The main surface was de aligned 
to pernit hinging at an^ point between 0,2o'c and 0.30c. 
The tail v/as n as 3~ oal an c ed when hinged at 0.2?"c. 

The flap v;as hinged at 80 percent of the airfoil chord. 
The gap "between the flap and the I'.iain surface (approx. 
0.007c) v/as not sealed, and the flap v/as not r.as s— "balanced 
ahout its ov/n hinge axis. Although the friction in the 
main and flap hinges v/as negligible, there '.;as approxi- 
mately 4 pounds of friction in the rudder systen as a 
iv^hole. ITo tr inning de^.'ice was provided. The variation 
of flap deflection \/ith :.:ain— surf ace deflection, v/ith a 
scheinatic layout shov/ing hov/ the uoverient was obtained, 
is shov/n in figure 16. The ratio of flap deflection (with 
respect to tlie r.iain surface) to deflection of the nain 
surface s/i was appr oxinat oly 2:1. Pigure 17 shov/s the 
variation of rudder deflection i v/ith pedal novenent. 

Tests and Results 

The flight— test progra-'-i included tests v;ith the orig- 
inal tail installation and v/ith the all— novable tail, 
hinged first at 0.27c and then at 0.30"c. Records were ob- 
tained for steady sideslips, rudder kicks, lateral oscil- 
lations, aileron rolls, and norraal turns. ileasur enen t s 
of airspeed, yawing velocity, angle of sideslip, stick 
and rudder position, and rudder force were nade v/ith iTACA 
recording instruments. Measurements of rudder force were 
not obtained for the tests with the original tail because 
no force recorder was available at the time. All test 
data presented v/ere obtained at an indicated airspeed of 
approximately 60 miles per hour in the gliding condition. 



Comparative data for the tv/o tails are presented in 
figures 13 to 22. Figure 18 presents the results obtained 



from teots in v.^hich atrupt rudder -ricks were made from 
trinr^ed fli^^ht v^ith stick fixod. Plotted against chcan^^e 
in rudder angle are change in rudder force, maximum change 
in angle of sideslip, maximum 2^"av/ing velocity/, and maximum 
yav/ing acceleration. The values of yavfin^^ a.ccelerat ion 
v/ere ootained "by differentiating the records of yav/ing 
velocity. Pigure 19 Qives the results ohtained in steady- 
sideslip and shows the rudder ^jngle and the force required 
to hold a given amount of sideslip. Figure 20 shows for 
each tail a time history of an abrupt aileron roll made 
v/ith the original rudder locked, the all—m o vahl e tail free 
In figure 21 are pro sen tod time histories of typical lat- 
eral oscillations m::,de with the original tail and v;ith 
the all~vnovaOle tail hinged at 0.27c and C.30c. Figure 22 
includes time histories that shov; the start of normal 
turns -aade with the all— m.cvahl c rudder free, hinged at 
0.27c and C.3 0c. 

Discussion of Flight Results 

5 bidder ef f ec t iveness The relative power of the tv;o 

vertical tails is shov;n oy figures 18 and 19. The calcu- 
lations of the Values of the normal— force coefficients 
developed hy the two tails a.re summarized as follows: 



Tail 




r . 




1o 


or • 0 i 






Or iginal 
Ail— m ova d1 e 


16S0 
208 0 


15 . 7 
11.5 


0.5 0 
.05 


9 .3 

10.0 


0.025 
. 050 


0 . 027 
. 075 


C. 034 
. 045 



v;here 

0^ dynamic pressure at tail, pounds per square foot 

free— stream dynamic pressure, pounds per square foot 
tail area, square feet 
I2 moment of inertia a/oout Z a3:is, slug— feet SQuare 
r angular acceleration ahout Z axis (yaw), radians per 



CO 

1.; ^ 
t 



SGccnd -per second ~ ■ 

Vdty 



Ct 



O.G 



(for original tail for wliich 0.8 is an assumed 



value of c)ae/c)i) 



^Lrr ~ 7 — T (-"or all~r:.oval3le tail for which 0.3 

^ 1 ( O.C5G6/bi) 

is an assumed value of Sae/Ss) 

Ho comparison of rudder control forces for the two 
tails is availalDle. iPor the rudder-kick data with the 
all-moval)le tail hoth initial and final forces are given, 
inasmuch as the force increases as the sidesliT) "builds up. 
With the conventional rudder the ma:^:imum force is reauired 
for the initial deflection and less force is needed as 
the sideslip increases. A movement of the main— surface 
hin£;e a::is "back should decrease the force for rudder de- 
flection and increase the force necessary to hold a j^iven 
amount of sideslip. This effect did not appear with" this 
tail in sideslips to the ri<;;ht with the hin^e position 
moved from G.37c to 0.3 0c. 



Directional stahility.- The directional stability of 
the airplane vath each the tails is shown in the time 
histories of aileron rolls (fic;. 20). The ori^^inal tail 
did not provide sufficient directional stability to meet 
the requirements of reference 4 that, with rudder locked, 
the sideslip ancTle developed as a result of fu.ll aileron 
deflection at 110 percent of the minimuim speed should not 
exceed '^0^ . With the original rudder, a sideslip angle 
of ol* was obtained at 50 miles per hour; and with the 
all-movable tail sideslip angles from 16^ to 19^ were ob- 
tained, approximately a 40 percent reduction. Pigure 
20(b) is given for rv.dder free, since no comparative data 
were available vrith rudder locked. The record of the move- 
ment of the all-movable tail (fig. 20(b)) shows that the 
tail lagged in its floating response to the sideslip. Ap- 
parently, friction and a low floating ratio made the tail 
act much as aj. fixed surface. liuch of the reduction in the 
angle of sideslip obtained with the all-movable tail was 
evidently due, therefore, to aspect ratio or more favorable 
air-flow conditions. Additional tests are necessary to 
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determine the true floating characteristics of the all— 
mova'ole tail and its a'oilit^ to provide greater direction- 
al sta'bility control free than control fired. 

Rudder-free lat er a l^..lio t i on . - The pertinent data in 
the time histories of lateral oscillations, (figs. 21) 
are suranarized as follows: 





Lat oral— OS cillat ion 


char act or i s t i cs 




Tail 


Period 
( sec) 


Damping 
( per ce 


in one cycle 
nt amplitude ) 


Figur e 


Original 


4.8 




76 


22 


All— mova'^ole , 
27 percent 


4 . 0 




82 


23 


All— movahle , 
30 percent 


3.5 




72 


24 



Either of the tails gives the airplane satisfactory 
rudder- free lateral motion. The requirement of reference 
4 that the lateral oscillation should damp to one— half 
amplitVwde within two cycles v/as satisfied. figure 21 shov; 
the huffeting oscillation that can "be produced by holding 
the rudder over until a large angle of sideslip is "built 
up and then suddenly releasing the control. The oscilla- 
tion is not considered ohj ect ionabl e "because it could not 
"be prod-aced e::cept hy this maneuver. The effect of fric- 
tion in the system is seen in the flat peaks in the move- 
ment of the rudder after returning to neutral. 

Rudder— free turns . — One of the a d v an t a g e s of the a 1 1— 
movable tail is that its use results in an increase in 
the weathercock stability v;ith rudder free, giving im- 
proved control of the airplane by raeans of the stick alone 
The results of such control are shown in figure 22 as time 
histories of the start of gliding turns nade vrith the feet 
off the rudder pedals. 

The pilots felt that the airplane made satisfactory 
turns v/ith the rudder free; the angles of sideslip result- 
ing are seen to be small. The airplane was subject to 
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oscillations in yaw throughout the turn v/ith t/.e tail 
hinged at 0.3 0c. 

Tail sta llin g.— The tail stalling was char act sr i z ed 
"by a gradual hreakdov/n of the flov/, beginning at the tip 
and along the trailing edge and spreading forward imtil 
the stall was complete. The stall v/as not apparent to the 
pilot except "by ooservation '^f the action of tufts attached 
to the tail. The pilot reported v/hat he thought to he a 
lightening of the rudder force, "out no records v/ere avail- 
aole to corrooorato his opinion. There was no tendency 
of the tail to oscillate or flutter and no vihration was 
appar ent . 



Future H o s e ar ch 

The all— rnovahle tail shows promise as a moans of re- 
ducing the size of the tail surfaces as well as of im- 
proving the "balance and the feel of the controls. Hosoarch 
is "being continiied with the ooject of discovering and over- 
coming any difficulties that may arise in its application. 
The action of the tail when stalled with the airplane 
yawed was not fully investigated "because the sideslip oh- 
tainahle with full rudder was insufficient to stall the 
tail. (The complete stall was obtained by suddenly re- 
versing the rudder in a moderate sideslip.) In order to 
clear up this point, a second tail of one-half the area 
(5.8 sc' ft) has been designed and is under construction 
for the Pair child XR2K--1 airplane. The smaller tail is 
expected to decrease the directional stability of the air- 
plane to a point v/here complete stalling of the tail will 
occur in a sideslip. Provision is beiirg made for the 
soQond tail to bo tested through a wide range of hinge 
positions and at various ratios of flap deflection to 
main-surface deflection. It appears that flight tests of 
an all— movable horizontal tail warrant consideration. 



COIICLUSIOITS 



Prom the results of preliminary flight tests of a 
Pairchild XI12K-1 airplane on which was installed an all- 
movable vertical tail the saLie size as the original tail, 

the following observations can be made: 
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1. 'The pilots reported that the all— movaole tail 
perfcriaed sat isf act cr il^r in ail respects. Flying the 
airplane differed in no essential respects frou flying 
an airplane with conventional fin and rudder. 

The all—inovaole tail developed cons ider a'bly 
greater normal force per unit area than the ori£:inal 
tail. 

3, The directional stability v/ith the all— mova'ble 
tail v/as as great --ith the rudder free as with the rudder 
fixed. 

4» The daL'iping of large rudder— free lateral oscilla- 
tions v/as Satisfactory, An undamped oscillation of small 
amplitude vas obtained in the rudder— free turns with the 
tail hinged at 30 percent of the mean aerodynamic chord. 

5, The pilots wore ahle to make sat iL'f act ory normal 
turns :;ith the all— movable tail using only the stick. 

S. The stalling of the all— movaole tail was obtained 
withxOut flutter or vibration and was apparent to the 
pilot only through observation of tuft action, 

7, Further development to realize the reduced area 
advantage of tho all— movable tail appears justified. 

Langlcy Ilemorial Aeronautical Laboratory, 

il at i onal Adv i s or y C omm i 1 1 c c for Acr onau t i c s , 
Langlcy Field, Va. 
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Figure 5.- Co-'itrol-forcc criterion ixCh against Cj^ at a = 0. A =^ 4; 0.20c flap; 

floating ration = I/2II. (Data f<§>r conventional tail s-.irfacos tacen 
frora reference 3.) 
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yaw. R = Hjy-iiOlds riimibor of tail siirfacj. (Data for convention- 
al tail surfaces tcvicn ironi rofoi'onco 4,) 
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Fi,?urc 9.- Slopo of lift curve v.-itli control froo. A=4; O.POc flap. (dr>ta 
for convontional tail surfaces taken from reference 4.) 
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Deflection of main surface , c , deg 



Variation of flap deflection with maln-aurface deflection. 7^ 
All-movable tall on Falrchlld XR2K-1 airplane. 
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Figure 18.- Original tall Ingtalled on Falrcblld XR2E-1 airplane. 




Figure 15.- All-movable vertical tail Installed on Fairchild XR2K-1 
airplane. 
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Left Change in rudder angle , deg 

Figure 18.- Variation of maxlrai;mi yawing acceleration, maximum yawing velocity, 
maximum change In sideslip angle, ana change In rudder force with change In 
rudder angle. Aorupt ruaaer deflection with Falrchlld XR2K-1 airplane at 
60 miles per hour In the gilding condition. 
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Figure 19.- Variation of rudd«r deflection and rudder force with angle of sideslip. 
Steady sideslips with Palrchlld XR2K-1 airplane at 60 miles per hour In gliding 
condition. 
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(a) Rudder locked; original tall. (b) Rudder free; all-m»vable tall hinged at 0*27t. O 

Figure 20.- Time history of an abrupt aileron roll. Palrchlld Figure 20.- Concluded. 
XR2K-1 airplane. 
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(•) Original Ull. (b) All-movable tall hinged at 0.2?^. (c) All-»ovable tall hinged «t O.JOff. 

Figure 21.- Time hlatory of a typical lateral oscillation of the Figure 21.- Continued. Figure 21.- Concltxled. 

Falrchlld XR2K-1 airplane. 
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(ft) All-movable tall hinged at 0.27c. 
Figure 22.- Time history of the start of a gilding turn made with 
rudder free. Fulrchlld XR2K-1 airplane. 
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(b) All-movable tail hinged at 0.50$. 
Figure 22.- ConclTided. 
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